Introduction
Aerosols constitute one of the largest uncertainties in global climate models, and mineral dust makes up roughly 70% of the global aerosol burden by mass (Tsigaridis et al., 2006) . Predictions of future climate scenarios disagree in the magnitude and sign of changes in mineral dust deposition. Thus, we are motivated to provide observational records of dust deposition during past climatic changes to test and refine models of future change. Constraints on dust loads during the last two millennia are particularly lacking, leading to uncertainty as to anthropogenic impacts on dust emissions and aerosol loading used in simulations of preindustrial and last-millennium climate. Because the Sahara is the world's largest source of mineral dust, the North Atlantic Ocean has been a focus of dust time-series investigations. Dust flux has been reconstructed at millennial resolution using deep sea sediments, in the Sahara (Ginoux et al., 2012) . Additionally, much of the anthropogenic increase seen on the Mauritanian shelf was due to dust of large grain-size (>10 µm) (Mulitza et al., 2010) . Only very fine dust (<5 µm) is exported out into the western Atlantic (Muhs et al., 2007; Reid et al., 2003) . Furthermore, a model reanalysis suggests that dust optical depth over the North Atlantic was close to its present value in AD 1850 (Evan et al., 2016) and a study in the Everglades of South Florida found no change in the concentration of quartz grains, taken to represent Saharan dust, over the past 2800 yr (Glaser et al., 2013) .
There is a seasonal aspect for expecting dust deposition very close to the source to differ from that in the far-field North Atlantic. The Bahamas area receives Saharan dust predominantly in summer (Prospero, 1999) due to the seasonal movement of the Intertropical Convergence Zone (ITCZ). In summer, the northward excursion of the trade winds at the northern boundary of the ITCZ acts to both increase Saharan dust emissions as well as to facilitate trans-Atlantic dust transport to more northerly (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) • N) destinations (Rodríguez et al., 2015) . In contrast, in winter with the ITCZ further south, total African dust emissions are reduced and eastward dust transport occurs mostly at latitudes south of 15 • N. For these reasons, we expect the modern increase in Sahel dust production was not representative of changes in the Bahamas and the western North Atlantic region.
On longer timescales, millennial variations in North Atlantic dust deposition have been documented back through the last ice age. Records of Holocene and last glacial variability in Saharan dust has been limited mostly to deep ocean sedimentary records. Periods of pronounced (several degrees Celsius) cooling in the North Atlantic region, such as Heinrich Stadial 1 (15-18 ka) and the Younger Dryas (12-13 ka), have been associated with increases in African dust emissions to roughly 2-3 times modern levels , and the references therein). Furthermore, the Early Holocene African Humid Period (5-11.7 ka) has been characterized by dust fluxes on the West African margin that were a factor of 2-5 lower than modern . Since the end of the African Humid Period, there is evidence for a further, gradual aridification of tropical Africa over the past 3000 yr from the Mauritanian shelf dust record (Mulitza et al., 2010) , continental precipitation records (Shanahan et al., 2015) , and reduced Niger river outflow (Weldeab et al., 2007) .
A general mechanism has been proposed for these variations, applicable to modern inter-annual variability as well, involving the meridional sea-surface temperature and/or pressure gradients in the Atlantic and the position of the ITCZ over the African continent (e.g., Evan et al., 2011; Rodríguez et al., 2015) . The present Andros Island records offer an opportunity to test the coherence of African dust and North Atlantic climate over the Little Ice Age. This period (roughly 1400 to 1800 AD) has been characterized by a modest cooling (∼0.5 • C) found most strikingly in the extratropical Northern Hemisphere continents (Mann et al., 2009 ).
Approach
Our approach to reconstructing dust input here is geochemical. Mukhopadhyay, 2013 , and the references therein), supporting the expectation of constant supply to this shallow water setting. In the Triple Goose Creek area of Andros Island (Fig. 1) , we have cored within a well-studied system of beach ridges, tidal channels, levee crests and mangrove ponds abutting an inland algal marsh (Hardie, 1977; Maloof and Grotzinger, 2012; Shinn et al., 1969) . The carbonate particles accumulating here are primarily derived from aragonite-producing marine algae on the Great Bahama Bank and subsequently are washed inshore by tides. The levees are built up by overbank flooding and the low ponds are normally flooded twice daily by tides with a range of roughly 40 cm (Hardie, 1977) . The dust concentrations recorded in these accumulating sediments therefore reflect the interplay of dust deposited from the local atmosphere, dilution by the dominant carbonate sediments, and dust swept in by the tides from the shallow (∼3 m water depth) Great Bahama Bank.
Our goal is to reconstruct atmospheric deposition from the bulk sediment record. Therefore, we need a way to correct for temporal variations in carbonate dilution and lateral addition of dust. (Francois et al., 2004) . Nonetheless, we do expect the benthic 230 Th flux to be constant over the timescales considered in this study. Our justification of this expectation is as follows. The uranium content of the banktop sediments is largely set by its authigenic incorporation into aragonite. This is a factor that is not likely to change on a millennial timescale. Additionally, variability in the processes that lead to pore water release of 230 Th, such as sediment resuspension and hydraulic flow within the porous Great Bahama Bank, is likely controlled by stochastic physical forces. Again, at least on centennial-to millennial-timescales, in the absence of evidence for changes in the long-term averages of these As a noble gas, He in the sediments is fully contained in crystalline particles, in contrast to sedimentary Th, which has a fraction that dissolves and spends some time (months) in the water before being adsorbed and buried. In the helium system, at least during the Quaternary, 3 He is largely supplied to the Earth surface in the form of a relatively constant rain of interplanetary dust particles (IDPs). Its rain to Earth is calculated from its accumulation in deep sea sediments and ice cores, averaged over timescales ranging from 10 6 yr to the Holocene. These estimates range from Nonetheless, the constancy of IDP rain into Holocene and Glacialaged ice cores (Brook et al., 2009 (Brook et al., , 2000 Winckler and Fischer, 2006) supports the view that the 3 He flux over the Bahamas has remained relatively constant throughout the past two millennia.
Furthermore, if we assume the 8 ± 3 pcc/m 2 /yr 3 He ET deposition rate is correct, this affords us an estimate of the focusing factor (F) in the sediments. Focusing factors are calculated as bulk averages between dated depth horizons, since it cannot generally be assumed that mass accumulation rates are constant between age controls. F equal to 1 implies no focusing, greater than 1 implies focusing and less than 1 implies sediment winnowing or that sediments have been removed.
Material and methods

Coring and core descriptions
Fieldwork took place during March 2014 in the Triple Goose Creek area on northwest Andros Island in the Bahamas (Fig. 1) . Sediment cores were collected using a 5 cm diameter, stainless steel and aluminum Livingstone piston corer from the University of Minnesota Limnological Research Center. Extruded cores were split open on plastic sheets in the field and sampled at cm-scale resolution. The corer was 1 m in length. Cores of 1.5-2 m were taken by re-entering the hole created by a first core. We use a composite depth scale for the core as a whole, assigning a depth to the top of the second core equal to the full length of the first core.
We chose three coring sites ( Fig. 1 ): a mangrove pond in roughly 1 m of water (Core 2.4), a beach at the western edge of the tidal flat, about 60 cm above mean-tide level (Core 2.5) and a levee crest at the edge of a tidal channel, about 40 cm above mean-tide level (Core 2.7). We refer to these as the Pond, Beach and Levee Crest cores throughout the manuscript. All cores consisted of calcium carbonate mud (>94% by weight) bioturbated by gastropods and polychaete worms. The remaining, percent-level, components of the sediments were organic matter, largely in the form of decaying mangrove roots, and aluminosilicates taken to be Saharan mineral dust. Due to the strong transport of the Gulf Stream in the Florida Straits, Andros Island is well-isolated from continental input from Florida, making transported Saharan dust the only non-local source of sediments (Muhs et al., 2007) .
All cores contained a stark transition with depth from white mud to gray mud (Fig. 2 ) which marks the transition from oxic to sulfidic conditions (Maloof et al., 2007) . This redox transition is well marked by the enrichment of uranium (Fig. 2) as uranium becomes insoluble and precipitates in the sulfidic conditions. Reducing conditions at depth draw dissolved U from above down a gradient in dissolved U concentrations in porewaters (Klinkhammer and Palmer, 1991) . The depth of this redox transition in the cores reflects the position of mean-tide level throughout the area (Maloof and Grotzinger, 2012) . In the Beach core, the upper 8 cm consisted of broken shell hash, a product of the much stronger tidal energy available in this location. Below 8 cm, however, the core material was bioturbated mud, indicating that this location was once a pond environment in times of lower sea level (Maloof and Grotzinger, 2012) . In the Levee Crest core, the upper 20 cm of white mud contains faint laminations, suggesting reduced bioturbation in this section. We also took water samples from a Pond and the banktop for Th isotope analysis (see Supplemental Material for protocols).
Radiocarbon and excess lead-210
The benthic foraminifera Peneroplis proteus are abundant in the study area (Shinn et al., 1969) , and were picked from sediments sieved at 355 µm, washed and sonicated in Milli-Q water, and dried at 80 • C. Radiocarbon measurements were performed on 5 mg foraminifera samples at the Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory. See Supplemental Material for details on calendar age conversion and reservoir age estimates.
Gamma spectroscopy was performed at MIT to analyze sedimentary excess (xs) 210 Pb. Sourced from atmospheric deposition, its radioactive decay with depth in the sediment can be used to corroborate the radiocarbon dating. See Supplemental Materials for further analytical procedures.
Thorium and helium derived parameters
Uranium, thorium and helium isotope analyses were performed by mass spectrometry after sample preparation following modifications of published methods (Gayer et al., 2008; 
Results
Core chronologies: 14 C
The Pond and Beach cores demonstrate stratigraphic order in their foraminifera ages, based on 14 C ages (Fig. 4) , but their core tops appear to be significantly older than modern. For the Pond core, the sedimentation rate implied by the dates at 7 cm and 32.5 cm is 0.235 ± 0.037 mm/yr. This sedimentation rate indicates a coretop (depth = 0 cm) age of AD 1787 ± 82.
Therefore, roughly 225 yr of sedimentation (∼5.5 cm at the assumed rate) may have been lost due to disturbance/compaction during core collection, or due to natural processes associated with water movements in the pond. The sedimentation rate in the Beach core between 9 cm and 19 cm is 0.260 ± 0.098 mm/yr, similar to the Pond core. This rate implies a core top age of AD 1325 ± 157, indicating that a much larger amount of sediment has been eroded away here by wave and storm action (as evidenced by the abrupt upward transition from mud to coquina) associated with the development of the beach environment as local sea level rises. The fact that most of the foraminifera ages in both the Pond and Beach cores are older than AD 700 is surprising in itself, in consideration of previous work. Maloof and Grotzinger (2012) found that Peneroplis specimens within the basal unit of 5 cores throughout the Triple Goose Creek area dated to AD 700-1005, averaging AD 903. Since the Bahama Banks were flooded by rising Holocene sea-level around 4500 ± 1000 yr ago (or ∼2500 ± 1000 BC) (Slowey and Henderson, 2011) , there may have been a several thousand year energetic period between initial inundation of the region and the beginning of quiescent pond-like sedimentation. Based on the bottom date of the Pond core, however, pond sedimentation may have begun as early as 1702 BC in that location. In the Beach core, the sedimentation rate between 19 and 40.5 cm depth (1.27 mm/yr), implies a core-bottom (170 cm) date of 600 BC.
Virtually all of the cores described by Maloof and Grotzinger (2012) were collected further inland than the Pond and Beach locations. We speculate that the older bottom dates reported here suggest that these locations were among the first to develop undisturbed sedimentation, perhaps due to details of the topography of the underlying cemented Pleistocene reef bedrock. In the age models for these cores, we linearly interpolate age, assuming constant sedimentation rates between dated depth horizons (Fig. 4) , with the understanding that continuous sedimentation may be a tenuous assumption in sections much older than AD 700. Further stratigraphic and sedimentological work is needed to clearly define the nature of sedimentation prior to this time, and we focus on the results from the last millennium here.
Foraminifera dates for the Levee Crest were all from the lower 60 cm of this site's 180 cm core. Only in this lower section was foraminifera abundance adequate. These three dates are not in stratigraphic order (Figs. 2, 3 , Table 1 ), but they are consistent with each other within dating uncertainties. The apparent age-inversion may be due to bioturbational mixing. Taking the average depth and average age of the dated foraminifera in this core, and assuming a modern age for the core top (AD 2014 at depth 0 cm) yields a sedimentation rate of 1.83 ± 0.35 mm/yr. This sedimentation rate is consistent with the radiocarbon dating of previous cores (Maloof and Grotzinger, 2012) . Noting the old core-top ages found in the Pond and Beach cores, however, the assumption of modern core top is highly uncertain. We therefore analyzed the sediment profiles for unsupported 210 Pb which, as described next, corroborates the radiocarbon-based sedimentation rate, supports a modern core top age and provides an estimate of the depth-scale of bioturbation for the Levee Crest core.
Core chronologies: 210 Pb
The shape of the 210 Pb xs profile in the sediment is affected by biological mixing, age decay during burial and, possibly, changes in sedimentation rate with depth. Ignoring changes in sediment porosity and assuming a constant sedimentation rate (w), 210 Pb xs activity ( A) can be modeled as a function at steady-state of depth (z), diffusional bioturbation rate (D), and radioactive decay con-
The coretop activity ( A o ) decays to A at depth z (Eqs. (2), (3)).
λ for 210 Pb is 0.031223 yr −1 .
ln(
If there were no bioturbational mixing (D = 0), the 210 Pb xs profile of the Levee Crest core (Fig. 5) would imply a sedimentation rate of 2.21 mm/yr using Eq. (3). Assuming, however, that the 14 Cbased sedimentation rate (w = 1.83 mm/yr) is correct, by solving (Fig. 2 ).
Eq. (2), this core has a diffusion rate of 27.3 mm 2 /yr. This is a lower than but reasonable diffusion rate compared to that found in 5 m water depth on the Little Bahama Bank of 106 ± 16 mm 2 /yr (Henderson et al., 1999) . Additionally, we expected reduced bioturbation in the upper section of this core based upon its faint laminations (Fig. 2) (Turekian et al., 1983) , similar to the model-based prediction of deposition to the Bahamas (100-150 Bq/mv 2 /yr) (Preiss and Genthon, 1997) . Additionally, we can infer the local 210 Pb deposition rate by integrating its depth profile (Fig. 5) , assuming a dry bulk sediment density (ρ) of 1.14 g/cm 3 , as measured on the Little Bahama Bank (Henderson et al., 1999 gives 2085 ± 399 g/m 2 /yr. That these two independent MAR estimates (2100 and 2085 g/m 2 /yr) agree well within uncertainties is a good indication for a modern core top age for the Levee Crest core.
While the 210 Pb xs profile of the Levee Crest core came from a faintly laminated section, we use the depth of 210 Pb xs penetration to constrain a lower limit on the sediment mixed layer to 10-12 cm. Using the 1.83 mm/yr sedimentation rate, this mixing depth translates to a bioturbational smoothing in temporal space of about 60 yr for the Levee Crest core. Sediments from the Pond and Beach locations are old enough that all of their 210 Pb xs has decayed away (Fig. 5) . Nonetheless, assuming a similar depth of bioturbation, the lower sedimentation rates from those cores (∼0.25 mm/yr) imply longer temporal smoothing (∼400 yr). These smoothing time-scales should be considered lower limits.
Dust proxies
The He and Th isotope concentration data are presented as a function of calendar year in Fig. 6 . All four isotopes show a decline in concentrations of roughly a factor of 5 between 500 BC and AD 500, followed by relatively uniform values between AD 500 and in the focusing factor is propagated from the uncertainties in the radiocarbon dates, the helium inventories, and the assumed 3 He ET deposition rate.
2014. The Beach core shows some spikes in 3 He ET at AD 200 and 500 that may represent the sampling of rare high-3 He IDPs in the relatively small 1 g samples (Farley et al., 1997) . On the basis of the dust indicators 232 Th and 4 He TERR alone, one might have interpreted these records to reflect much higher dust input to the Bahamas prior to AD 500. Because our constantflux proxies 230 Th xs,o and 3 He ET change in concert with the dust indicators, however, it appears that these sites received a relatively stable input of dust throughout. The increased concentrations prior to the Common Era likely reflect less total carbonate accumulation (thus reducing the dilution of the dust). This change may have coincided with a change in sediment focusing, although of course the focusing factors we can estimate are highly age-model dependent (Fig. 7) . In the Pond and Beach cores, the post-AD 500 focusing factors are within 10% of 1.0, while prior to this F = 11 ± 9 for the beach core and 3.3 ± 1.3 in the pond core, perhaps indicating that these were higher energy sedimentation environments before pond-like sedimentation set in. On the Levee Crest, F = 7.5 ± 3.0, and the stability in He and Th concentrations in this core suggests that focusing did not significantly change at this site for the past millennium.
We present the time series of the dust flux proxy ratios 232 Florida (1982 Florida ( -1984 Florida ( and 1994 Florida ( -1996 (Prospero et al., 2010 (Prospero et al., , 1987 suggest an average dust deposition in this region of 1.3 g/m 2 /yr, or roughly 3 times smaller than what was calculated in our core above. The most uncertain figure in our dust deposition calculation is the assumed 3 He ET deposition to calculate the focusing factor (8 here in the subtropics, as other aerosol-bound isotopes of atmospheric origin, such as 10 Be or 90 Sr, are known to be transported out of the subtropics by atmospheric circulation to be preferentially rained out in the mid-latitude storm tracks (Field et al., 2006; Lal and Jull, 2005) . Consistent with this suggestion, the only existing 3 He ET flux estimate in the compilation of McGee and Mukhopadhyay (2013; Fig. 7 ) that is significantly lower than the mean comes from the only subtropical dry region site, in the northwest Arabian Sea (Marcantonio et al., 2001 ). The spatial variability in IDP fluxes could present an additional uncertainty in using IDPs (and 3 He by extension) as normalizing factors. Although there may have been some latitudinal movement of the ITCZ and the Hadley Cell during the past millennium, paleoclimate records throughout the Caribbean generally indicate that subtropical climates persisted (Burn et al., 2016) . Therefore, we do not expect that the large-scale transport of IDPs from the subtropics to the extratropics was significantly altered over the past millennium. Another possible explanation for lower-than-expected 3 He ET fluxes in our core is fractionation of the two helium isotopes during sediment transport. IDPs, the carrier phase of 3 He ET , may be slightly larger than the Saharan dust grains carrying the 4 He TERR (5-20 µm for IDPs (McGee and Mukhopadhyay, 2013 ) versus 2.5-9 µm for far-field Saharan dust (Reid et al., 2003) ). However, the two helium isotopes are accumulating at nearly the same ratio when being gently washed into the quiescent ponds as when more energetically being flooded above channel banks onto the Levee Crest (Fig. 8) et al. (2004) estimated from an analysis near Exuma Sound in the eastern Bahamas (see Fig. 1 ), indicating that there may be a regionality to the banktop "production" of 230 Th by porewater release. It could be that on the northwestern Great Bahama Bank, there is more effective lateral transport of the benthic-sourced 230 Th into the Triple Goose Creek area than in the Exuma Cays. The difference may relate to contrasting groundwater hydrology between the two locations, as North Andros has significantly higher hydraulic conductivity than the Exumas on the southeastern portion of the Bank (Whitaker and Smart, 1997) . While more work needs to be done to define the absolute values of 230 Th and 3 He supply to the Bahama Bank, there is an undeniable stability in the dust proxy ratios in our cores. This stability argues against large changes in either IDP flux, 230 Th supply, or Saharan dust flux to our site over the covered time periods.
Implications for historical changes in North Atlantic dust deposition
Of course, bioturbation has smoothed these dust flux records, similar to a running average filter, contributing in part to the apparent stability. This is particularly true for the Pond and Beach cores (at least 400 yr filtering, based on the 210 Pb results discussed in Section 4.2) in which any century-scale changes will have been muted. However, the Pond core dust proxy ratios do agree where they overlap (AD 1100-1800) with those of the Levee Crest core, which is much less affected by bioturbation (60 yr filtering). Even given the age model uncertainty prior to AD 700, the three Andros records together indicate no trend in dust flux during the millennium between AD 800 and 1800, which overlaps the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA) (Mann et al., 2009 ). We emphasize that we cannot assign absolute dust fluxes in our results, or specify a precise time period due to age model uncertainties, but the finding of a lack of trend is robust. During deglacial cooling events (Heinrich Stadial 1 and the Younger Dryas), the Early Holocene African Humid Period, and recent decadal scale variability, African dust appears to have been part of a coupled system involving North African aridity, trade wind intensity and subtropical North Atlantic cooling (e.g., Bradtmiller et al., 2016; Evan et al., 2011) . We hypothesize that the lack of apparent changes in Bahamas dust fluxes in response to centennial-scale climate variability between 800 and 1800 AD reflects the fact that the Little Ice Age was marked by relatively warm conditions in the high-latitude North Atlantic (as opposed to the continents) (Mann et al., 2009) , limiting the trade wind response. A recent study has found, however, reduced frequency of Caribbean hurricanes during the LIA, a factor possibly related to North Atlantic climate variability similar to previous cool periods (Trouet et al., 2016) . Given modern correlations between African dust emissions and hurricane occurrence (Evan et al., 2006) , one would expect increased dust emissions during the LIA if the Caribbean result is representative of overall hurricane activity over the North Atlantic. It may be that increased volcanic aerosol loads in the far North Atlantic during the LIA drove a climate response in which Saharan aerosol dust generation became decoupled from western Atlantic storm generation. The connection between African dust transport and Atlantic hurricane activity during the past millennium deserves further investigation from other climate archives.
On the issue of the regional impact of anthropogenic dust from the Sahel, we rely solely on the Levee Crest core. As described above, the radiocarbon and lead-210 dating in this core give us high confidence that the past 200 yr are recorded here, albeit filtered by a 60 yr running average. The dust proxy data indicate no variability over this time period outside the ∼10% variations seen in the records as a whole. The bioturbation of this core would have muted the magnitude of decadal events, but any pre-industrial to modern trend in dust input would not be masked by a running average. For instance, applying a 60 yr running average to the West African dust flux record (Mulitza et al., 2010) only reduces the apparent increase in dust flux between 1800 to 2000 AD from a factor of 4 to a factor of 2.5, also not supported by our data.
Furthermore, the dissolved 232 Th/ 230 Th ratio in the banktop and Pond waters (average shown as a star in Fig. 8 ) is consistent within uncertainty with the average value in the cores. In the water samples, the measured dissolved 230 Th was corrected for ingrowth from the decay of dissolved U between the time of sampling and analysis, but we do not make a lithogenic correction since it is the total dissolved 230 Th that will adsorb onto carbonate particles, whether sourced from dust or benthic release. Because the dissolved Th ratio represents an average of dust deposition in accordance with the residence time of Th in the water (less than a year), this is another strong indication that dust flux to the Bahamas today is similar (within 10%) to the average deposition over at least the past 200 yr. We thus suggest that the onset of commercial agriculture in the Sahel did not greatly modify the transport of North African dust to the western North Atlantic. This suggestion is consistent with the understanding that Saharan sources have been the dominant contributors to the North African dust plume, with relatively minor inputs from the Sahel (Ginoux et al., 2012) . This finding will be important for the modeling of aerosol fields from the pre-industrial to modern day and the choice of aerosol fields used for preindustrial and last millennium simulations. In particular, our results suggest that the use of dust fields scaled to 50% of modern levels in simulations of preindustrial climates (e.g., Albani et al., 2014 ) may need to be reconsidered.
Conclusions and future work
We have described Saharan dust proxies in a set of tidal flat cores from Andros Island, Bahamas. The chronological and geochemical work undertaken has led to several interesting avenues for future work. These are (1) to investigate areas of the Triple Goose Creek region in Andros Island that have apparent ages at 1.3 m depth of 3700 yr, despite the fact the Pleistocene cement basement here was only flooded hundreds to thousands of years before this, (2) to determine if recent extraterrestrial 3 He deposition to the Bahamas could be a factor of 3 lower than has been found in the Holocene sections of the Greenland and Antarctic ice cores, and (3) to determine the magnitude and spatial distribution of the benthic flux of 230 Th from banktop sediments into banktop waters. These puzzles notwithstanding, dust proxy data derived from the cores suggest that transport of Saharan dust to the western subtropical North Atlantic did not undergo large, factor of 4 magnitude changes from the pre-industrial period to today. Furthermore, no long term trends in dust input to the Bahamas are apparent over the past millennium. The transport of North African dust to the western Atlantic may not have participated in climate feedbacks associated with ITCZ movement over this time period.
